The KIAA0319 gene has been associated with reading disability in several studies. It encodes a plasma membrane protein with a large, highly glycosylated, extracellular domain. This protein is proposed to function in adhesion and attachment and thought to play an important role during neuronal migration in the developing brain. We have previously proposed that endocytosis of this protein could constitute an important mechanism to regulate its function. Here we show that KIAA0319 undergoes ectodomain shedding and intramembrane cleavage. At least five different cleavage events occur, four in the extracellular domain and one within the transmembrane domain. The ectodomain shedding processing cleaves the extracellular domain, generating several small fragments, including the N-terminal region with the Cys-rich MANEC domain. It is possible that these fragments are released to the extracellular medium and trigger cellular responses. The intramembrane cleavage releases the intracellular domain from its membrane attachment. Our results suggest that this cleavage event is not carried out by ␥-secretase, the enzyme complex involved in similar processing in many other type I proteins. The soluble cytoplasmic domain of KIAA0319 is able to translocate to the nucleus, accumulating in nucleoli after overexpression. This fragment has an unknown role, although it could be involved in regulation of gene expression. The absence of DNA-interacting motifs indicates that such a function would most probably be mediated through interaction with other proteins, not by direct DNA binding. These results suggest that KIAA0319 not only has a direct role in neuronal migration but may also have additional signaling functions.
DCDC2, and KIAA0319 and their encoded proteins support the hypothesis that impaired neuronal migration is a cellular neurobiological antecedent to dyslexia (4, 5) . ROBO1 belongs to a family of proteins with important roles in neuronal development (6, 7) . RNA interference experiments in utero have shown that knockdown of the expression of the DYX1C1, DCDC2, and KIAA0319 rat homologous genes impairs neuronal migration in developing neocortex (5) . These genes are also expressed in mature neurons, suggesting that they may be involved in other processes apart from neuronal migration.
Association of specific KIAA0319 alleles with dyslexia seems to be related to a reduction in gene expression from the "risk haplotype" (8) . A recent study of this haplotype has found several single-nucleotide polymorphisms in the promoter region of KIAA0319 showing strong association with multiple reading disability traits; a putative binding site for the transcriptional silencer OCT-1 has been identified in the dyslexia-associated allele of one of these polymorphisms (9) . Expression knockdown in rat disrupts neuronal migration in the developing cerebral cortex and causes a marked change in the normal morphology of migrating neurons (8) . After embryonic expression knockdown, brain analysis of postnatal rats revealed neurocortical malformations, in particular periventricular heterotopias, and also hypertrophy of apical dendrites; these effects are rescued by overexpression of the human KIAA0319 gene (10) .
Human KIAA0319 has several alternative splicing variants, with variant A being the main form (11) . It encodes a highly glycosylated, dimeric, type I plasma membrane protein that, in its luminal/extracellular region, contains a MANEC 3 (motif at the N terminus with eight cysteines) domain, five polycystic kidney disease (PKD) domains and a Cys-rich domain (which we refer to as "C6 domain") reminiscent of EGF-like motifs (12) . The MANEC domain, formerly called MANSC (13) , comprises eight conserved cysteines, is found in the N termi-nus of higher multicellular animal membrane and extracellular proteins, and may play a role in the formation of protein complexes involving various protease activators and inhibitors (see NCBI CDD entry smart00765 (14) ). PKD domains have been implicated in cell adhesion or cell-cell interactions (15) . The presence of five PKD domains in the ectodomain region of KIAA0319 suggests that this protein could mediate adhesion between neurons and glial fibers during neuronal migration (8) . Moreover, the detection of a secreted, nonmembrane, minor isoform points toward a putative role in signaling (12) .
We have recently reported that KIAA0319 undergoes endocytosis from the plasma membrane through a clathrin-mediated pathway, a process that controls the levels of protein at the cell surface and, thus, may be involved in regulating the role of KIAA0319 in neuronal migration (16) . Cell-cell and cell-extracellular matrix interactions can be modulated by several mechanisms. Proteolytic cleavage of the extracellular domain has been described in many adhesion proteins (17, 18) , where it seems to play an important role in the regulation of such interactions. This proteolytic release of extracellular domains from their membrane-bound precursor is known as ectodomain shedding (19) and is mostly carried out by metalloproteinases, in particular by members of the "a desintegrin and metalloprotease" (ADAM) family (20 -22) and also by matrix metalloproteinases (23) . Ectodomain shedding affects a large group of transmembrane proteins, and therefore, its functional outcome depends on the particular protein considered (19) . Activation of membrane-anchored growth factors or cytokines, activation and inactivation of receptors, and regulation of cell adhesion, to mention a few, depends upon this process (20, 22, 24 -26) . Ectodomain shedding is usually followed by a different proteolytic mechanism involving cleavage within the plane of the membrane, which has been denominated regulated intramembrane proteolysis (RIP) (27) . This process releases the cytoplasmic or luminal/extracellular domains from the membrane and allows them to translocate to a new location where they can elicit a biological response (28) . RIP is mediated by the so-called Intramembrane-cleaving proteases (I-CLiPs), including aspartyl proteases (␥-secretase and signal peptide peptidase), metalloproteases (site 2 protease), and serine proteases (romboids) (29 -31) . ␥-Secretase is the most studied of the I-CLiPs, mainly due to its participation in the processing of the amyloid precursor protein (APP) and, therefore, in the biology of Alzheimer disease (32) . It is a complex formed by four hydrophobic proteins, with presenilin as its catalytic core (33, 34) , and is usually involved in cleavage of type I single-TM proteins (30) . A very well characterized example of RIP is the activation of the Notch signaling pathway; the resulting intracellular domain (ICD) translocates to the nucleus where it activates the expression of different target genes (35) . Similarly, some of the intracellular cleavage products that are generated from different proteins after RIP function as signaling molecules, but others may be intermediates destined for degradation (36, 37) .
We report here the finding that KIAA0319 undergoes ectodomain shedding and RIP. As a result, N-and C-terminal fragments are released from the membrane into the extracel-lular medium and the cytoplasm, respectively. We show that the released cytoplasmic domain can translocate to the nucleus and, when overexpressed, co-localizes with nucleoli markers. Interestingly, RIP of KIAA0319 seems to be ␥-secretase-independent. These processes could not only be involved in regulating the role of KIAA0319 in adhesion but also in other functions. We have previously suggested a putative role of a secreted isoform of KIAA0319 in signaling (12) . The present study indicates the main isoform, the full-length transmembrane protein, could also have signaling functions, possibly distinct from those of the secreted isoform.
EXPERIMENTAL PROCEDURES
Plasmids-Cloning of the human KIAA0319 gene and its mouse homologue D130043K22Rik has been described previously (11) . Standard PCR and molecular cloning techniques were used to generate the mammalian expression plasmids listed in supplemental Table 1 . Primer sequences and cloning conditions are available upon request. A graphic representation of these constructs is shown in Figs. 1, 6A, and 8A. Positive control plasmids for luciferase assays pSG5-Gal4-VP16 and pSG5-C99⌬31C-Gal4-VP16 were kindly provided by Prof. DeStrooper. The Gal4-VP16 sequence from pSG5-Gal4-VP16 was PCR-amplified with primers GV-F1 (5Ј-CTTAAGGTGCACAATGAAGC-TTTCTAGAGCGCGCAAGCTTCTGTCTTCTATCGAAC-AAG-3Ј) and GV-R1 (5Ј-GATATCTCAACCGGTTTCGA-AACCGTACTCGTCAATTCC-3Ј) (specific Gal4-VP16 sequence are shown in italics; extra coding sequence is shown in bold) to introduce new restriction sites, and cloned into pGEM-T vector (Promega). An AflII-AgeI fragment was then subcloned into pcDNA4-TO-mycHisA vector to obtain pcD-GVm (see Fig. 8A ). This sequence was then exchanged with the C-terminal myc-His tag in plasmids pcD4KHAm and pcD4KHAmd3-14b (#3 and 15 in Fig. 1 and supplemental Table 1 ) using the single sites XbaI (tag) and XmnI (plasmid backbone) to obtain, respectively, pcD4KHAGV and pcDKHAd3-14bGV (supplemental Table 1 (#29 -30) and Fig. 8A ).
Reagents-Specific antiserum R2 against the ectodomain of human KIAA0319 protein has been previously described (12) . Custom polyclonal rabbit antiserum R7 against the cytosolic domain of KIAA0319 was obtained from Eurogentec Ltd after immunization with peptides (GϩH) (residues 1017-1031 (CϩELRPKYGIKHRSTEH) and 1041-1055 (CϩEFESDQDTLFSRERM)) of the mouse KIAA0319 protein; peptides G and H are 100 and 80% conserved in the human KIAA0319 protein, respectively). Mouse monoclonal antibodies used as subnuclear markers for nucleoli (anti-B23), Cajal bodies (anti-coilin), and nuclear speckles (anti-sc-35) were from Sigma. Other primary antibodies were, mouse monoclonal 9E10 anti-myc, chicken anti-HA (Abcam), mouse monoclonal anti-HA, and rabbit polyclonal anti-HA (Sigma). Secondary antibodies were Alexa-Fluor 488-or 594-conjugated goat anti-mouse, anti-rabbit, or anti-chicken (Molecular Probes) for immunofluorescence (IF) and goat anti-mouse or anti-rabbit IgG-HRP (Bio-Rad) for Western blotting. Phorbol 12-myristate 13-acetate (PMA), bisindolylmaleimide I (BIM), and InSolution ␥-secretase Inhibitor IX (or DAPT) were obtained from Calbiochem. L-685458 was obtained from Tocris Bioscience.
Cells, Cell Culture, Cell Transfection, and Standard Analyses-Human embryonic kidney 293T cells were used for most experiments. Mouse embryonic fibroblast (MEF) stable cell lines obtained from WT and from ␥-secretase-deficient PS1 Ϫ/Ϫ , PS2 Ϫ/Ϫ double knock-out (KO) mice (38, 39) were kindly provided by Prof. DeStrooper. Cells were grown in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, and 100 units/ml penicillin/streptomycin at 37°C with 5% CO 2 . For transfection, MEFs and 293T cells were seeded at 25,000 and 50,000 cells/cm 2 , respectively, and transfected the following day (200 -500 ng of plasmid DNA/cm 2 ) using Lipofectamine LTX and PLUS reagent (Invitrogen) for MEFs and GeneJuice (Novagen) or 25-kDa-branched polyethyleneimine (Aldrich) (40) for 293T. Cells were processed 36 -48 h posttransfection. For drug treatments, medium was removed 24 -30 h after transfection and new medium containing DMSO (2.5 l/ml), PMA (1 M), BIM (2 M), inhibitor IX (2 M), or L-685458 (5 M) was added as needed. Cells were incubated for an additional 16 -24-h period before being processed. IF microscopy, protein preparation, Western blotting, and analysis of glycosylation were carried out essentially as previously described (12) . NuPAGE Novex 10, 12, and 4 -12% Bis-Tris gels (Invitrogen) were used. For the analysis of conditioned medium from 293T cells, the FBS concentration was usually reduced to 1% when the medium was changed. Conditioned medium was collected and centrifuged at 6000 ϫ g for 10 min at 4°C, and about 30 l were loaded per lane.
Luciferase Assays-293T, WT MEF, and KO MEF cells were seeded in 24-well plates and transfected with 200 ng of pFR-Luc plasmid (Promega) DNA and 200 ng of inducer plasmid DNA: pSG5-Gal4-VP16, pcD-GVm, pSG5-C99⌬31C-Gal4-VP16, pcD4KHAGV, or pcDKHAd3-14bGV (supplemental Table 1 and Fig. 8A ). Cells were incubated with DMSO or the ␥-secretase inhibitor L-685458 as mentioned above. The dual luciferase reporter assay system (Promega) was used following the manufacturer's instructions. Cells were lysed in a final volume of 100 l of passive lysis buffer. The luminescence of 20 l of lysis product was measured using a microplate luminometer (Luminoskan Ascent, Thermo Fisher Scientific). All experiments were performed in triplicate. Data were analyzed and graphed using Prism 5 (GraphPad Software).
RESULTS
KIAA0319 Undergoes Proteolytic Cleavage-We have previously shown that KIAA0319 is a plasma membrane protein, highly glycosylated, and most probably with a homodimeric conformation (12) . Its predicted size without any modifica- (12) . KIAA0319 protein domains are: signal peptide (SP), MANEC domain, PKD (1-5) domains, C6 domain, and TM domain (see Introduction for more details). Vertical lines represent N-glycosylation consensus sites (glycosylation is not predicted in the first site in PKD5 (short line)). The different constructs used in this work appear numbered, grouped according to the expected localization of the encoded proteins (membrane-attached, secreted, or cytoplasmic). The name of each protein is shown on the right; other details are described in supplemental Table 1 . Non-modified regions appear as a gray bar, except the SP, which is shown as a white bar. Deleted regions of the protein are represented as a line. Mutated Cys-rich domains are indicated as a black bar. In construct #11, A indicates Y995A mutation. HA, EGFP, and mycϩHis tags are shown as filled, semi-filled, and open areas, respectively, just below each construct. Vector backbones are pcDNA4-TO-mycHis (#1 to 18) and pEGFP-C1 (#19 -23). PM, plasma membrane; Cytop., cytoplasm.
tion is 116 kDa. When overexpressed in mammalian cells, it is normally detected as four bands corresponding to monomeric/ dimeric and partially/fully glycosylated forms, with an apparent size of around 150, 200, 300, and 400 kDa. Separation of the proteins by SDS-PAGE on gels of higher concentration (10, 12, 4 -12%) than those initially used (3-8%) and detection of KIAA0319 with antibodies recognizing the C terminus of the protein revealed fragments smaller than expected. After overexpression of a C-terminal mycϩHis-tagged full-length construct in 293T cells, blotting of lysates with specific antiserum R7, recognizing the cytosolic domain of KIAA0319, detected the full-length protein fragments but also several other smaller bands with apparent sizes of around 48, 26, and 20 kDa ( Fig. 2A , left panel, first lane (Km)); the band detected above the 35-kDa marker corresponds to the dimeric form of the 20-kDa fragment (see Fig. 3 for more details). None of these fragments was detected when non-membrane KIAA0319 proteins were overexpressed; a cytosolic protein construct without the signal peptide (second lane (KmdSP)) was only detected as two large bands (monomeric/dimeric forms), whereas a secreted protein lacking the TM domain (third lane (Kmd19)) was detected as two or three large fragments corresponding to differently glycosylated monomeric forms. All these newly detected C-terminal fragments are bigger than the cytosolic domain of the protein (fourth lane (KmdSP-19) ), suggesting that they are plasma membrane-attached forms. Specific antiserum R2 ( Fig. 2A , right panel), which recognizes an epitope at the PKD2 domain, only detected the full-length fragments of the overexpressed proteins, except for KmdSP-19 (fourth lane), which lacks this region.
According to their apparent size, the 20-and 26-kDa fragments are probably generated after cleavage around the C6 domain. The 48-kDa fragment could be either the result of cleavage around the C-terminal end of the PKD domains region or the dimeric form of the 26-kDa fragment. To check this possibility, we took advantage of the fact that the PKD region of KIAA0319 is N-glycosylated. After treatment with peptide N-glycosidase F, the 48-kDa band had a clear size shift ( Fig. 2B ), which confirmed that it is indeed N-glycosylated. As the last N-glycosylation site in the ectodomain of the KIAA0319 protein is Asn733 (11), in the PKD5 domain, the cleavage event that generates this fragment must occur Nterminal to this position.
We checked that these C-terminal fragments were not an artifact due to the C-terminal tagging of the protein. The same fragments were detected in lysates from cells overexpressing the human KIAA0319 untagged protein ( Fig. 2C , first lane (K)) but with smaller sizes due to the absence of the Cterminal tag. Similarly, the same band pattern was detected in lysates from cells overexpressing the mouse (mycϩHistagged) protein ( Fig. 2C , third lane (mKm)), the bands being slightly smaller than for the human tagged protein (second lane (Km)).
To detect the most N-terminal region of the ectodomain of KIAA0319, we prepared new expression constructs to introduce an HA tag just after the signal peptide sequence, before the MANEC domain (see Fig. 1 ). This modification had no effect on the expression or localization of the protein (data not shown). The same C-terminal band pattern was obtained with both the N-terminal untagged construct (Km) ( Fig. 2D , left panel, first lane) and the new N-terminal-HA/C-terminal-mycϩHis-tagged construct (KHAm) (second lane); only the full-length bands of this new protein were detected in lysates with an anti-HA antibody (middle panel, second lane). We checked the conditioned media for HA-tagged fragments, and a band of about 12 kDa was detected in medium from cells overexpressing KHAm protein ( Fig. 2D , right panel, second lane). This result indicated that another cleavage event, different from those described above, was needed to generate this small fragment and, according to its size, such an event will occur shortly C-terminal of the MANEC domain.
The above data suggest the KIAA0319 protein undergoes ectodomain shedding. This process can be stimulated by a number of factors (20) , phorbol esters being among the most commonly used (19) . We checked if treatment of transfected cells with PMA had any effect on the band pattern detected. A new C-terminal band of about 18 kDa appeared in the lysates of PMA-treated cells over-expressing the KHAm protein ( Fig.  2E ). The specific cleavage point at which this fragment originates has not been determined; however, its size, slightly larger than KmdSP-19 ( Fig. 2A ), was consistent with the RIP intramembrane cleavage events that usually follow ectodomain shedding in many proteins. The detected cleavage fragments were named as KIAA0319 C-terminal fragment of ϳ48 (KCT48), 26 (KCT26), 20 (KCT20), and 18 kDa (KCT18) (all of these including the mycϩHis tag, ϳ3.4 kDa), and KIAA0319 N-terminal fragment of ϳ12 kDa (KNT12) (including the HA-tag, ϳ1.3 kDa).
In other proteins undergoing ectodomain shedding and RIP, deletion constructs mimicking some forms of the cleaved proteins present an up-regulated RIP. We tested if a similar effect occurred in the processing of a deletion KIAA0319 construct where most of the region N-terminal to the last N-glycosylation site had been removed. The deletion protein KHAmd3-14b, where residues 23-721 have been removed, has an expected size of 46.4 kDa (supplemental Table 1 ), and its apparent size is similar to that of KCT48 ( Fig. 2F, arrowhead; higher bands, marked by asterisks, correspond to multimers of this protein). Fragments KCT26 and KCT20 were as in the full-length KIAA0319 protein, but KCT18 was now detected without PMA induction. These results suggest that RIP in KIAA0319 is enhanced when the ectodomain fragment removed by cleavage event 2 is not present.
We demonstrated that the stimulation of KIAA0319 cleavage by PMA was due to its effect as an activator of protein kinase C (PKC) activity. Treatment of transfected cells with the PKC inhibitor BIM had no effect on the band pattern from lysates of non-PMA-treated cells ( Please note that numbering of the cleavage events is not an indication of the order in which these events occur.
Integrity of the Cys-rich Domains Is Needed for Proper Cleavage of KIAA0319-The cleavage sites detected in KIAA0319, except for site 2, seemed to occur in or around the different Cys-rich domains (MANEC, C6, and TM). We used constructs encoding KIAA0319 proteins altered in these domains to investigate the role they may have in the ectodomain shedding of this protein. We have previously described a number of constructs with different combinations of domains where all the Cys residues had been mutated (M) as well as those where the MANEC and/or the C6 domains were deleted (d3a, d18, d3ad18) (12) . We modified them to introduce an N-terminal HA tag as described above and used them to transfect 293T cells; lysates and conditioned media were then analyzed ( Fig. 3 ). Western blotting with anti-HA antibody only detected the full-length fragments in cell lysates (Fig.  3A ). As described before (12) , the dimeric forms of KIAA0319 that typically persist in reducing conditions disappear in those constructs where the Cys residues of the TM-Ct domain (transmembrane plus cytoplasmic domain) are mutated (lanes 4, 6, 7, and 8). We used anti-myc antibody to detect the Cterminal fragments (Fig. 3B ). The full-length fragments were detected as with anti-HA antibody. The C-terminal cleavage fragments showed very clear differences between constructs. Mutation of the MANEC domain alone (lane 2) seemed to greatly impair the generation of cleavage fragments. Mutation of the C6 domain alone (lane 3) prevented the formation of the KCT48 fragment and also had an effect in the smaller fragments, which presented a very strong signal. An identical effect, especially regarding the KCT48 fragment, was obtained with single mutants of any of the six Cys residues of the C6 domain (data not shown). However, mutation of the TM-Ct domain alone (lane 4) did not seem to have any major effect, although KCT26 was slightly reduced when compared with the non-mutated construct (lanes 1 and 12) . Deletion of the C6 domain (lanes 10 and 11) seemed to have the same effects as its mutation. However, when the MANEC domain alone was deleted (lane 9) there was no difference with the unmodified constructs (lanes 1 and 12) . These results suggested that the effects detected in the MANEC domain mutant (lane 2) were most probably due not to the direct involvement of this domain in the C-terminal cleavage events but rather to other reasons, such as misfolding of the protein and endoplasmic reticulum retention. Alteration of the C6 domain either on its own or together with alteration of other domains not only prevented cleavage event 2, which generates KCT48, but it also seemed to induce a new cleavage event, at some point between events 3 and 4, as a new fragment with a size in be- in cell lysates is shown; only the bands shown were detected in the blot. B, detection of myc-tagged fragments in cell lysates is shown. C, procedures were the same as in B but after PMA induction; only short fragments are shown. D, procedures were the same as in B but using non-reducing conditions; the white dashed box indicates the dimeric forms of the KCT20 fragments. E, HA-tagged fragments were detected in conditioned media. Some cleavage fragments are indicated: asterisk, KCT26; arrowhead, KCT20; arrow, KCT18; circle, KNT12. DECEMBER 17, 2010 • VOLUME 285 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 40153 tween KCT26 and KCT20 was detected (see lanes 7 and 8 in Fig. 3, (B and D) ).
Proteolytic Processing of KIAA0319
Identical results were obtained when cells were treated with PMA (not shown). We used these conditions to evaluate the effect that these mutations/deletions have in the generation of KCT18. This fragment seemed to be absent or greatly reduced in those constructs where the TM-Ct was mutated (Fig. 3C,  lanes 4, 6, 7, and 8) , which suggests that at least some of the Cys residues in the TM/juxtamembrane region of the cytoplasmic domain are important for cleavage event 5 to happen.
We also checked the cell lysates in non-reducing conditions (Fig. 3D) . The smaller fragments of 20 and 26 kDa were absent in the unmodified protein; instead, a new band of around 40-kDa appeared (lanes 1 and 12) ; this size is compatible with a dimeric form of KCT20, and these results indicate that these C-terminal cleavage fragments are most probably produced as dimers. No new band corresponding to the dimeric form of KCT26 was detected, but this can be explained by coincidence in size with the KCT48 fragments. Thus, the 48-kDa band detected in these conditions could be a mixture of monomeric KCT48 and dimeric KCT26 or just the latter, whereas KCT48 would be in dimeric form too, with a size of about 100kDa (this band is also detected). Similar results were obtained with constructs where both C6 and TM-Ct domains were unmodified (lanes 2 and 9) . Modification of any of these two domains (lanes 3, 4, 5, 6, 7, 8, 10, and 11) led to detection of the monomeric forms (please note that this is not apparent in lane 6, most probably because of the misfolding effects mentioned above). These monomeric forms were the only ones detected when both domains were modified at the same time (lanes 7 and 8), whereas dimeric forms were still detected with all the other constructs.
When the conditioned media were checked for HA-tagged fragments (Fig. 3E) , it became apparent that mutation of the TM-Ct domain had no effect in the generation of these fragments (compare lanes 1 and 4, 2 and 6, 3 and 7, and 5 and 8) ; this domain is not considered in the following analysis of re-sults. The KNT12 fragment was detected with all constructs where the MANEC domain was unmodified (lanes 1, 3, 4, 7 , 10, and 12). High molecular weight fragments probably originated after cleavage events 3 and/or 4 were detected with all the constructs where the MANEC domain was deleted (lanes 9 and 11) or where the C6 domain was mutated (lanes 3, 5, 7, and 8). In this case both KNT12 and large fragments were detected when the C6 domain was mutated but the MANEC domain was unmodified (lanes 3 and 7) , whereas only the large fragment appeared when both domains were mutated (lanes 5 and 8) . This suggests that integrity of the MANEC domain is necessary for cleavage event 1 to occur. Mutation of the MANEC domain alone (lanes 2 and 6) prevented the detection of N-terminal fragments in the conditioned medium, most probably due to misfolding and endoplasmic reticulum retention of these proteins, as described previously for the C-terminal fragments.
Internalization of KIAA0319 Is Important for C-terminal Cleavage-We have recently reported the clathrin-mediated internalization of KIAA0319 from the plasma membrane (16) . Mutation of Tyr at position 995 is sufficient to inhibit KIAA0319 endocytosis. We checked the effect that this mutation had in the ectodomain shedding of this protein. Lysates and conditioned media of 293T cells transiently transfected with constructs KHAm and KHAm-Y995A were analyzed. When we checked the conditioned media of these transfected cells, the KNT12 fragment was detected in both cases (Fig.  4A) . Larger bands were detected in particular with the internalization-impaired construct (lane A). These results indicate that cleavage event 1 can occur at the plasma membrane. However, an obvious reduction in the C-terminal cleavage fragments was detected with anti-myc antibody with the protein mutated at Tyr-995 ( Fig. 4B, right panels, lane A) , although the expression level of this protein was normal, as detected with anti-HA antibody (left panel, lane A). A very similar effect was detected when cells were co-transfected with the unmodified KIAA0319 full-length construct Fig. 1 ) were analyzed by Western blotting (WB). A, the Nterminal cleavage fragment is detected with both wild-type and mutant constructs. B, the C-terminal fragments originated by ectodomain shedding are absent or highly reduced in lysates of cells transfected with the Y995A mutant. The second panel of myc Western blotting is a longer exposure of the blot shown on the left (diff. exp.). C, induction with PMA shows that the C-terminal fragment originated after intramembrane cleavage is detected with both constructs.
(KHAm) and the dominant-negative mutant Rab5-S34N, which prevents internalization of KIAA0319 from the plasma membrane (data not shown). These data suggest that blocking the internalization of KIAA0319 from the plasma membrane negatively affects the ectodomain shedding of KIAA0319 that generates the C-terminal fragments KCT48, KCT26, and KCT20.
To assess if the intramembrane cleavage, generating KCT18, was also affected in the Y995A mutant, we performed a similar assay comparing PMA-induced samples with DMSO control samples (Fig. 4C ). The control samples (lanes WTϪ and AϪ) were as described in Fig. 4B . After induction with PMA, KCT18 fragment was detected in the wild-type lysate (Fig. 4C, lane WTϩ) . Interestingly, this fragment was still detected at similar levels in the mutant lysate (lane Aϩ), in clear contrast with the absence/highly reduced levels of the other C-terminal fragments. These results indicate that cleavage event 5 does not require internalization from the plasma membrane.
The Cytoplasmic Domain of KIAA0319 Can Translocate to the Nucleus-Ectodomain shedding generates membraneattached fragments that undergo RIP to produce cytoplasmicsoluble fragments that can often translocate to the nucleus. We investigated whether this was also true for KIAA0319. When we used the mycϩHis-tagged deletion protein KmdSP-19, overexpressed from a construct containing only exons 20 and 21 of KIAA0319 that encode most of the cytoplasmic domain of the protein, it could indeed be detected in the nuclei of transfected cells (Fig. 5A) . A different protein, consisting of all the deduced cytoplasmic domain of KIAA0319 (KCt) (including the CCKR sequence encoded by exon 19) with an Nterminal EGFP tag and the C-terminal mycϩHis tags had a much stronger nuclear localization (Fig. 5B) . The same happened when the C-terminal tags were removed (Fig. 5C ), which indicates that such a localization is not caused by this tagging.
To determine the region of KCt responsible for the nuclear localization, we divided the 93-residue sequence in three overlapping fragments (f1, f2, and f3; residues 980 -1013, 1008 -1044, and 1039 -1072, respectively, of KIAA0319), as previously described for the characterization of the interaction with the 2 subunit of the adaptor protein 2 (16) . The EGFP-tagged constructs of these fragments were overexpressed in 293T cells. KCt-f1 conserved the same nuclear localization ( Fig. 5D ). KCt-f2 also had some nuclear localization, but the detected cytosolic localization was much higher than for KCt or KCt-f1 (Fig. 5E ), and KCt-f3 presented a typical cytosolic distribution (Fig. 5F) . These results indicate that the juxtamembrane region of KCt is responsible for its nuclear localization.
For the experiments described above we used the sequence predicted to be the cytoplasmic domain. However, in most of the reported examples of protein undergoing ectodomain shedding, the cleavage event that generates the cytosolic, soluble fragments usually happens in the transmembrane region of these proteins. We investigated the effect that the addition of residues from the TM domain of KIAA0319 to the overexpressed protein had on its subcellular localization. For this purpose we used constructs with an N-terminal HA tag and a C-terminal mycϩHis tag (KHAmCt-) ( Fig. 6A and supplemental Table 1 , #24 -28). The HA tag was used for its small size to maintain conditions similar to the unmodified proteins, thus, avoiding confusion with proteins that could be expressed from any of the Met codons present in KCt. KHAmCt-980, containing only the cytoplasmic domain of KIAA0319, had nuclear localization as expected, showing accumulation in some kind of subnuclear structures rather than having an uniform distribution (Fig. 6B) . The same happened for KHAmCt-978, containing the last two residues of the TM domain (Fig. 6C ). The three other tested constructs (KHAmCt-973, -971, and -969; Fig. 6 , D, E, and F, respectively) showed some nuclear localization that decreased as the number of TM-domain residues increased. The overexpressed proteins accumulated in cytosolic aggregates, an effect directly related to the increment in the number of residues from the TM domain. These results suggest that the intramembrane cleavage event that generates KCT18 probably occurs at some point after residue Phe-973 and before residue Cys-980.
We further characterized the nuclear pattern detected with constructs KHAmCt-980 ( Fig. 7) and -978 (supplemental Fig.  1 ) by IF using several subnuclear markers to identify the structures where these proteins accumulate. KHAmCt-980 clearly co-localized with the nucleolar marker B23 (Fig. 7A ) and showed a similar but different pattern than the Cajal bodies marker coilin (Fig. 7B) ; no co-localization was detected with the nuclear speckles marker sc-35 (Fig. 7C) . Similar results were obtained for KHAmCt-978 (supplemental Fig. 1 ), but the detected structures were not as uniform as for KHAmCt-980. Cajal bodies seemed to be affected by the overexpression of the KIAA0319 protein fragments. In particular, KHAmCt-978 showed a higher degree of co-localization with coilin compared with KHAmCt-980 in some cells, whereas other transfected cells were often negative for coilin staining (supplemental Fig.  1B) . These results suggest that the cytoplasmic domain of KIAA0319 accumulates in nucleoli and that the Cajal bodies may be disturbed by such accumulation.
KIAA0319 Undergoes ␥-Secretase-independent RIP-Generation of soluble protein fragments by RIP requires the participation of I-CLiPs. ␥-Secretase has been reported as the enzyme involved in most cases of type I proteins where this process has been described. We tested if this was also true for KIAA0319. Initial analyses using specific ␥-secretase inhibitors DAPT and L-685458 in 293T cells transfected with KIAA0319 constructs did not show any clear effect on the levels of KCT18 fragment detected by Western blotting (data not shown). We then decided to assess the involvement of ␥-secretase in KIAA0319 cleavage by a luciferase-based assay (41, 42) . A GAL4-VP16 (GV) sequence was introduced as a C-terminal tag in two KIAA0319 constructs (full-length and ⌬23-721) (Fig. 8A) . These constructs were then used in cotransfection experiments with pFR-Luc, a reporter plasmid containing the firefly luciferase gene under the control of a synthetic promoter with five tandem repeats of the yeast GAL4 binding sites. Release of the GV-tagged cytosolic do-Proteolytic Processing of KIAA0319 DECEMBER 17, 2010 • VOLUME 285 • NUMBER 51 main from the membrane-attached KIAA0319 protein after RIP will result in activation of the luciferase reporter gene. Overexpression of the soluble positive control GAL4-VP16 proteins in 293T cells, regardless of treatment with DMSO or L-685458, showed a clear increase in luciferase activity over non-transfected cells (supplemental Fig. 2A ). As expected, when cells were transfected with construct APP-C99d31-GV, which encodes a positive control membrane-attached protein, the luciferase activity detected in control conditions was drastically reduced by treatment with the ␥-secretase inhibitor ( Fig. 8B, APP-GV) . However, no difference was detected between control and inhibitor-treated cells after transfection with the two KIAA0319 constructs (Fig. 8B , K-GV and K⌬-GV). We carried out similar analyses in MEF WT cells treated with DMSO or with L-685458 and in ␥-secretase-deficient MEF cells derived from PS1/PS2 double KO mice treated with DMSO. As shown for 293T cells, overexpression of positive control soluble GAL4-VP16 proteins led to activation of the reporter gene in both WT and KO cells, with no difference between control and inhibitor treatment conditions (supplemental Fig. 2B ). The luciferase activity detected in control conditions in WT cells transfected with the control plasmid APP-C99d31-GV was drastically reduced in cells treated with L-685458 as expected, and the levels in KO cells were equally low (Fig. 8C, APP-GV) . However, and in accordance with the results obtained with 293T cells, similar levels of luciferase activity were detected in all conditions in both WT and KO MEF cells transfected with KIAA0319 plasmids (Fig. 8C, K-GV and K⌬-GV) . These results strongly suggest that ␥-secretase is not involved in cleavage of KIAA0319.
DISCUSSION
The functional data available for the different "dyslexiaassociated" proteins (encoded by the dyslexia candidate Table 1 ), were transiently transfected into 293T cells, and the subcellular localization of the encoded proteins were analyzed by IF with rabbit anti-HA antibody. A, shown is a representation of the residues encoded by KIAA0319 exons 19 -21 (19 in red, 20 in black, 21 in blue; dots represent residues not shown). Predicted TM domain residues are underlined. N-terminal tagging, including the HA tag in purple, is shown in square brackets. The positions of the first residues from the KIAA0319 protein in these constructs are indicated. B-F, detection by IF of the protein encoded by the construct indicated on the left is shown. Cytoplasmic aggregation of these proteins is indicated in the merge panels by white arrows. Nuclei are detected by DAPI staining. A 10-m bar is shown in the top left panel; all panels are at the same scale.
genes) indicate that they are required for normal brain development. The participation of most of these proteins in neuronal migration has already been indicated, although this may not be their only role. Data available from homologous proteins in other organisms or from proteins sharing common domains have been used to hypothesize about the molecular mechanisms mediating their function in neuronal migration (4) . In the case of KIAA0319, the PKD domains present in its extracellular region suggested that this plasma membrane protein could mediate adhesion between neurons and glial fibers (8) . We show here that the main isoform of KIAA0319 with plasma membrane localization undergoes proteolytic cleavage. This processing is a new variable to take into consideration for the study and evaluation of the functional roles of KIAA0319.
We have identified at least four cleavage events in the KIAA0319 extracellular domain (ectodomain shedding). A fifth event frees the cytoplasmic domain from the membrane. The size of this fragment is consistent with cleavage at the TM domain and is assumed to represent RIP of KIAA0319. This pattern seems slightly more complex than in other proteins, where usually only one or two cleavage events occur in the ectodomain of the cleaved protein, generally located close to the membrane surface (22) . Ectodomain shedding proximal to the membrane appears to be necessary for further cleavage within the membrane plane (22) . KIAA0319 cleavage event 1 generates KNT12, an N-terminal fragment of about 12 kDa (all protein size estimations refer to the N-terminal HA-tagged, C-terminal mycϩHis-tagged protein) that contains the MANEC domain. The corresponding C-terminal fragment was not detected in our analyses or at least not as a distinctive band, most probably due to co-migration with some of the full-length fragments or because of the cleavage at the C terminus. Cleavage event 2 is located close to the FIGURE 7. Co-localization of KIAA0319 C-terminal fragment protein KHAmCt-980 with subnuclear markers. KHAmCt-980 protein was overexpressed in 293T cells as described above, and its subnuclear localization was analyzed by IF with chicken anti-HA antibody (red in merge panels) and compared with that obtained with specific markers (green in merge panels) for nucleoli (B23; A), Cajal bodies (coilin; B), and speckles (sc-35; C). Nuclei are detected by DAPI staining. A 10-m bar is shown in the top left panel; all panels are at the same scale. junction between PKD domains 4 and 5 and generates KCT48. Events 3 and 4 are much closer to the membrane, located around the C6 domain, and their products KCT26 and KCT20, respectively, are membrane-tethered fragments with short ectodomains. Intramembrane cleavage event 5 generates KCT18, a fragment corresponding to the intracellular domain of KIAA0319, which is only detected after PMA induction in cells overexpressing the full-length protein. This fragment is easily detected without PMA induction when a deletion construct encoding a protein resembling the expected C-terminal fragment of KIAA0319 after cleavage event 2 is used. This suggests that removal of the N-terminal region of the protein activates the intramembrane cleavage, a common effect in many proteins undergoing similar processing (30) .
Mutagenesis/deletion of the Cys-rich domains of KIAA0319 showed that the different cleavage events are affected by alterations of their surrounding regions, most probably due to conformational changes of the mutant protein.
Although deletion of the MANEC domain has no obvious effect on cleavage (event 1 is not considered here as the cleavage site is removed in the deletion protein), mutation of the Cys residues in this domain impairs event 1. We did not find significant changes in cleavage at the ectodomain of KIAA0319 after alteration of TM-Ct domain, except for a slight reduction of KCT26; however, cleavage event 5 was clearly affected, suggesting that the Cys residues, most probably those at the junction between TM and cytoplasmic domains, are critical for RIP either because they are needed for the protein to have a particular conformation or because they form part of the cleavage site itself. Mutagenesis of the C6 domain affects, but does not impair, membrane-proximal cleavage (events 3 and 4); a new cleavage fragment, intermediate in size between KCT26 and KCT20, appears in these mutants. The signal detected for this new fragment, stronger than for KCT26/KCT20, suggests that the loss of the original conformation in this region modifies the residues that are accessible and/or in the right position for the action of the responsible protease(s), probably shifting the cleavage site. Alternatively, this new fragment could be the result of a new protease that can access a cleavage site hidden when the C6 domain is properly folded. However, the most obvious effect after alteration of the C6 domain either by mutagenesis or by deletion is the impairment of cleavage event 2, suggesting that a properly folded C6 domain is absolutely necessary for KIAA0319 to have the right conformation that allows proteolytic processing at site 2.
Detection of dimeric fragment KCT20 under non-reducing conditions in TM-Ct mutant (OOM) (Fig. 3D, lane 4) indicates that cleavage event 4 must occur N-terminal to the last Cys residue of the C6 domain (Cys-952). However, the KCT26/KCT20-like fragments from C6-deletion proteins DECEMBER 17, 2010 • VOLUME 285 • NUMBER 51
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have similar sizes to those from C6 mutants despite the evidence that they must originate from cleavage at residues outside this domain. Therefore, it seems that the juxtamembrane ectodomain cleavage detected in the C6 mutant/deletion proteins is most probably heterogeneous, with no strict sequence specificity. This is not surprising as it has been described that in ADAM-mediated ectodomain shedding the cleavage sites are highly variable, and the secondary structure of the juxtamembrane stalk has critical importance for substrate recognition (20) .
Ectodomain shedding is usually carried out by metalloproteases, in particular by members of the ADAM family (19, 22) . However, other proteases have also been reported, the most significant being BACE1, also known as ␤-secretase, as its cleavage of APP at the ␤ site initiates the production of amyloid ␤-peptide, critical in neurodegeneration in Alzheimer disease (32, 43) . APP is not the only known substrate of BACE1; other proteins, such as neuregulin-1 or the cell adhesion protein P-selectin glycoprotein ligand-1, have been reported to be processed by this protease (43, 44) . The proteases involved in ectodomain shedding of KIAA0319 have not been identified yet, and we are currently addressing this question. It is probable that the different cleavage events are carried out by different enzymes, and some preliminary results indicate that ADAMs are responsible for some of these events (data not shown).
From the functional point of view, the effect of the proteolytic cleavage of KIAA0319 is that the role of the full-length protein is terminated. Assuming that the function is cell adhesion, shedding of the ectodomain will eliminate the adhesive properties of this protein, and therefore, this could constitute a way for the cell to regulate the amount of full-length KIAA0319 protein at the plasma membrane. However, most of the proteolytic cleavage seems to occur after internalization from the plasma membrane as impairment of endocytosis drastically reduces the levels of C-terminal fragments. Therefore, our results here further support the importance of endocytosis in the regulation of the function(s) of KIAA0319 (16) . Additionally, the relatively complex cleavage pattern of KIAA0319 is intriguing. If regulation of the potential adhesive role of this protein was the only function of its ectodomain shedding, only one or two of the detected cleavage events, namely events 3 and/or 4, would be required to accomplish that goal. However, cleavage event 1 occurs very close to the N terminus of the protein, and a small fragment containing the MANEC domain is released into the extracellular medium. The very little data known about the functional roles of the MANEC domain comes from studies on the hepatocyte growth factor activator inhibitor type 1 (HAI-1), a protein that also undergoes ectodomain shedding, where it is always referred to as "N-terminal domain" (45) . It was proposed that this domain could be involved in the binding to the hepatocyte growth factor activator and to matriptase (13); however, recent deletion studies have shown that this domain does not bind specifically to matriptase but attenuates the inhibitory activity of HAI-1 by obstructing the protease binding sites (46) . It is possible that release of the MANEC domain from KIAA0319 leads to a conformational and/or functional change of the protein; additionally, a signaling role of this domain cannot be ruled out. The rest of the cleavage events in the ectodomain of KIAA0319 would directly affect the adherent role of the protein either by disrupting the PKD region (event 2) or by releasing most of the ectodomain (events 3 and 4), providing they take place at the plasma membrane. Our results, however, suggest that processing at sites 2, 3, and 4 is favored after internalization from the plasma membrane, which indicates that this cleavage may be required for other reasons. One possibility is the regulation of the amount of KIAA0319 protein in the cell; after endocytosis from the plasma membrane, part of the molecules could be processed and destined for degradation, whereas others are redirected to the plasma membrane or to a subcellular compartment, such as the trans-Golgi network, that would act as an internal reservoir. Another option is that this ectodomain cleavage is required for signaling functions; cleavage event 5 (RIP) would be an essential component in this case. Intramembrane cleavage would free the remaining ectodomain stalk to the extracellular/luminal medium and the intracellular domain (KCT18) to the cytoplasm, and it is possible that both fragments have signaling roles. Fragments containing the C6 domain could be released to the extracellular medium by a combination of cleavage events, such as 2 ϩ 5 or 3 ϩ 5. The sequence of this domain (CX 3 CX 5 CX 6 CICX 19 C) resembles that of EGF-like modules (47, 48) , in particular that of the cEGF subtype 1 module (49), although it is not recognized as such by the algorithms used in the databases for the different EGF-like motifs. EGF-like factors are synthesized as transmembrane precursors; the mature forms are released after ectodomain shedding and then bind to the ErbB cell surface receptors starting intracellular signal transduction cascades (48, 50) . The EGF-like motifs are also present in many other proteins that are not growth factors, where their function could be to serve as structural spacers, although some of them can activate the EGF receptors (50) . It could be possible that some of the released fragments of KIAA0319 containing the C6 domain trigger a signaling pathway after binding to a hypothetical receptor in a similar way as the EGF-like factors (26, 48) . This could represent a new aspect in the functional characterization of the KIAA0319 protein to be considered in future analyses.
The ICDs of proteins that undergo RIP are released into the cytoplasm and, in this soluble form, can translocate to different compartments to carry out any associated biological activity (28) . Because of the Notch model, ICDs are normally associated with nuclear translocation and regulation of gene expression after RIP, but only a few examples have actually been proven to work this way (33) . Different subcellular compartments could be the final target of different ICDs, and the biological activity, if any, could be other than regulation of gene expression. These soluble fragments usually have a very short life, which makes their detection challenging, and therefore, overexpression experiments are normally used for their study. A very important point to be considered when interpreting experimental results concerning RIP is the stability of the cleaved products, although this is largely ignored by most investigators (37) . The stability of a cytosolic protein is deter-mined by the nature of its N-terminal residue, as the degradation of such proteins follow the "N-end rule" pathway (51, 52) . Only a few amino acids are stabilizing residues (Met, Ala, Val, Ser, Thr, Pro, Gly), whereas the rest are destabilizing in different degrees and will trigger proteasomal degradation of the protein. Cys residues are considered destabilizing but only after oxidation, a process that necessitates the presence of a basic residue at position 2 of the substrate (thereby restricting this branch of the N-end rule pathway to a limited set of substrates) (51) . An ICD that carries out a specific biological function after RIP would be expected to be stable enough to do so; in the absence of direct functional data, the first residue of the ICD could give an idea in this regard. Although we have not identified the exact cleavage point that releases the ICD of KIAA0319 (KCT18), our overexpression experiments suggest that the cleavage site is most probably located close to the C-terminal end of the TM domain; if we consider the C-terminal half of this domain, 7 of 12 amino acids would be stabilizing residues according to the N-end rule. We have analyzed the localization of several overexpressed KIAA0319 cytoplasmic domain fragments. In these experiments the overexpressed protein is artificially stabilized due to the initial Met residue; the amino acid at position 2 has to be taken into account as Met is removed by methionine aminopeptidase if this second residue has a small side chain (Cys, Ala, Val, Ser, Thr, Pro, Gly) and, therefore, the residue originally at position 2 would be the new N-terminal residue (51) . All KCt constructs start with Met-Ala (Met-Val for EGFP-tagged proteins), so the encoded proteins are predicted to be stable. With these constructs we have shown that KCt can translocate to the nucleus and that it co-localizes with nucleoli. We could not detect nuclear localization of the C-terminal fragment originated after cleavage from the full-length protein.
As mentioned above, detection of RIP fragments is often very challenging, and therefore, these results were not unexpected. The nuclear localization depends on the juxtamembrane region of this fragment, which contains an Arg/Lys-rich stretch of residues fitting the classical nuclear localization signal sequences (53) . Despite the clear nuclear localization of the overexpressed KCt, there is no motif in this domain that could give an indication about its putative function, although this does not mean it has no biological activity. Even if KCt does localize to the nucleus in physiological conditions, it is very unlikely that it has any direct effect on gene expression; however, an indirect effect through interaction with transcription factors or other regulatory proteins could be possible. The subnuclear localization in nucleoli could support a putative indirect effect in gene regulation, maybe in a similar way as the nucleolar protein p14ARF regulates the activity of p53 in gene transcription (54) .
The enzymes responsible for the cleavage of the KIAA0319 protein have not yet been identified. As mentioned above, those involved in its ectodomain shedding, that is, in cleavage events 1-4, could be a number of proteins from different families. On the other hand, the number of enzymes known to participate in intramembrane cleavage is much reduced, being ␥-secretase the I-CLiP responsible in most of the type I proteins where RIP has been described. However, the fragments generated after this cleavage do not always have additional functions. This process could be just a disposal mechanism of membrane-tethered proteins/protein fragments, and it has been proposed that ␥-secretase may function as "the proteasome of the membrane" (36, 37) . We have addressed here the putative involvement of ␥-secretase in KIAA0319 cleavage in different cell lines, including MEFs with no endogenous ␥-secretase activity. Our results strongly suggest that ␥-secretase is not involved in RIP of KIAA0319, and therefore, a different I-CLiP must be responsible for its intramembrane cleavage (event 5). The fact that KIAA0319 RIP is ␥-secretaseindependent could also suggest cleavage may have functional purposes other than the simple degradation of membranetethered KIAA0319 fragments and supports the hypothesis of a signaling function mentioned above. In future work identification of the proteases involved in the processing of KIAA0319 as well as the position of the different cleavage sites is necessary to understand the mechanisms behind this putative function.
